Introduction
Nitrogen and potassium are the two fertilizer elements that are needed in largest amounts in most tung orchards of the southern United States.
Supplying these elements at the optimum rates and in the proper ratios is an important nutritional problem. Leaf analysis has proved to be a valuable criterion .of the nutritional status of tung trees, and, as more basic information on the relation of mineral composition to physiological processes and biochemical constituents is accumulated, it should become even more useful. For example, it would be helpful to know the effect of certain concentrations and ratios of nitrogen and potassium in the leaves on the rate of photosynthesis, which in turn must be intimately related to growth, productivity, and storage and utilization of carbohydrates.
The sand-culture technique seemed the best approach to this problem since it afforded a high degree of precision per number of plants, together with greatest ease of control and manipulation. The usual procedure in water or sand cultures is to grow plants in solutions in which the nutrient salts are maintained at definite levels and ratios, and subsequently to make chemical and physiological tests on the plants and on residual or effluent nutrient solutions. In the present study an attempt was made to develop rather specific differences in levels of minerals in the leaves. The composition of representative plants was determined from time to time and the nutrient solutions were adjusted as necessary to produce as nearly as possible the desired mineral concentrations in the plant tissue.
The objectives of this experiment were (1) to grow plants containing three levels of nitrogen and potassium in factorial combinations, while maintaining other elements at optimum or above deficiency concentrations, and (2) to determine the effect of these nutritional variations in the plant on growth, apparent photosynthesis, and chemical composition.
Materials, method, and procedure GENERAL PROCEDURE.-On July 17, 1944, selected seedlings from openpollinated seed of L-2 and L-14 clones were transplanted from the nursery bed to 4-gallon-capacity glazed jars containing medium-coarse sand. The seedlings were two months old and about 12 inches tall with six to nine leaves wheni transplanted. The holes at the bottoms of the jars were covered with glass wool, and drainage was facilitated by slight inclinationi of the jars. A total of 66 jars were planted as follows: 30 with one seedling each; 30 with five seedlings each; six with two seedlings each. A complete nutrienit solution was supplied daily to all plants for a period of five weeks, ending on August 22. On that date, the 12 seedlings from the six jars of two each were harvested for mineral and carbohydrate analysis and the differential treatments were started. Thereafter, at intervals of about three weeks, one NUTRIENT SOLUTIONS.-Water used in making up the nutrient solutions was de-ionized by running tap water through two Amberlite towers (cation exchanger and anion exchanger) connected in series (8) . The Shortly after the treatments started, the plants growing in the high nitrogen solutions began to show symptoms of iron deficiency, although the amount of iron supplied was the same for all treatments. The pH of the effluent from the N3 treatments was found to be above 6, which was undoubtedly a factor in rendering the iron in the solution unavailable to the plants. This SAMPLING METHODS AND GROWTH MEASUREMENTS.-At the time differential treatments were started (August 22), 12 plants were harvested from six jars each of which contained two plants. These were composited for chemical analysis into two groups of six plants each. On September 11 and on October 3, six plants were harvested from each treatment from jars that originally contained five seedlings. After the October 3 sampling, each jar contained a single seedling and these were harvested on October 27. The six plants harvested from each treatment were composited into groups of three each and analyzed as two replications for total ash, nitrogen, calcium, magnesium, and phosphorus as outlined by DROSDOFF and PAINTER (3). Leaves, stems, and roots were analyzed separately. Analyses were also made for reducing sugars, nonreducing sugars, starch, and polysaccharides. The carbohydrate methods were essentially those described by SELL et al. (10) . The principal modification was in the use of oven-dried material instead of alcohol-preserved material. The composite plant materials were heated in a forced-draft tray oven at 1050 C for 10 minutes and then dried to constant weight at 70°C. The leaves and fibrous roots were dried in about three hours, the wood tissue requiring a longer period.
APPARENT PHOTOSYNTHESIS.-The rate of apparent photosynthesis was determined daily, August 22 to October 27, inclusive, using the HEINICKE-HOFFMAN (7) procedure. Eleven carbon dioxide absorption towers were used for the determination of CO2. Two of these served as air checks and the remaining nine were connected to assimilation chambers (6) The rate of apparent photosynthesis of the N2 plants was somewhat higher than that of the N3 until October 4 after which it declined gradually; at the end of the experiment the N2 afternoon rate was about 75%o of the N3 rate. The nitrogen content of the leaves of these plants on the last sampling date (October 27) was 1.95%. A low rate of photosynthesis observed during the initial weeks of the experiment in leaves of the N3 as compared with the N2 plants was probably due to a concomitant deficiency of iron in the N3 seedlings, which was later brought under control.
Throughout the whole experiment there were no consistent differences in apparent photosynthesis between the K2 and the K3 plants, the leaves of which contained, respectively, 0.93 and 1.40%o potassium at the final date, October 27 ( fig. 3 ). During the first three weeks the rate of photosynthesis in the K1 plants, the leaves of which contained 0.79% potassium at that time, did not differ significantly from that of the K2 and K3 plants. Subsequently the K1 rate declined, with some variations, until the end of the experiment when the rate of CO2 assimilation of the K1 plants was about 65%o of that of the K3 seedlings. The potassium content of the K. leaves at this time (October 27) was 0.50%.
Nitrogen deficiency seemed to affect the photosynthetic activity of the seedlings to about the same degree during morning and afternoon, whereas potassium deficiency seemed to depress the rate more in the afternoons than in the mornings ( figs. 2 and 3) .
CARBOHYDRATE COMPOSITION.-The main treatment effects of the three levels each of potassium and of nitrogen upon the carbohydrate content of the leaves, stems, and roots are summarized in tables III and IV.
1. Effect of potassium on carbohydrate fractions. (a) Leaves. A lowering in percentage of reducing sugars was found to be associated with an increase in the K level at all three sampling dates, and the difference produced by the lowest and highest K levels was greatest on October 27. The overall average decrease was highly significant (F = 30.5) ;3 but on September 11 and October 3 the difference between the K2 and K3 levels was without significance, and on October 27 K1 did not differ significantly from K2.
A highly significant (F = 8.9) increase in nonreducing sugars was found associated wiith increase in K level. Again this effect was most pronounced at.the last sampling date, corresponding to the period of greatest difference in K levels in the leaves. No being required for high significance. The effect of K on polysaccharides other than starch was of minor significance.
(b) Stems. The decrease in percentage of reducing sugars with increase in K level was especially marked in the stems at the first sampling date, but was only slight at the last date, when the general level of reducing sugar was low. The nonreducing sugar content fluctuated without significant trend. At all dates starch was lowest at the highest K level, the trend being of high significance. The trend in the other polysaccharides fraction was not significant for stems.
(c) Roots. At all three sampling dates, the reducing sugar content of the roots was consistently depressed with an increase in K level. The percentage of reducing sugars at the K1 level was approximately twice that of the K3 level at each of the three sampling dates. The nonreducing sugar percentage tended to increase with an increase in K level at all three dates, just as it did in the leaves.
The starch and other polysaccharides showed no consistent effects of K. 2. Effect of nitrogen levels on carbohydrate fractions. (a) Leaves. The effects of N on reducing and nonreducing sugar percentages in the leaves were similar to those of K, except that they were of a higher order of significance, particularly the increase in nonreducing sugars with an increase in N level. Starch percentage showed a decrease with increase in N at the first two sampling dates, followed by a striking reversal of the trend at the last sampling date.
The effect of increasing N was to lower, in a highly significant manner, the other polysaccharide reserves of the leaves.
(b) Stems. As in the case of K, the effect of increasing N in lowering the percentage of reducing sugars in the stem was most outstanding at the first sampling date; at the last sampling date it was reversed. A similar downward trend was found in the nonreducing sugar and starch content of the stem, the greatest decrease produced by increasing N level being at the first date. The F value of 198.9 for the effect of N on starch content was the largest obtained from this study. An apparent tendency for other polysaccharides to be high at the intermediate level of N attained high statistical significance (F = 8.9).
(c) Roots. The reducing sugar content of the roots was highest at the first sampling date at the N1 level, but neither the main effect of N nor the interaction of N with date attained statistical significance.
A highly significant general downward trend of nonreducing sugars with increase in N was found at the first date, whereas at the third date the highest percentage was at intermediate N. A tendency apparent on In the case of nitrogen, the trends of all constituents differed more widely at the three dates than in the case of K. The starch content of the leaves is an outstanding example of this interaction of level of N with dates (F = 79.5, where 7.5 is required for statistical significance at the .001 level). This is in keeping with the fact that at the beginning of the experiment plants at all levels of nitrogen were healthy, while during the last period the plants ranged from severely deficient at N1 to typical high nitrogen plants at N3. For example, the general effect of nitrogen in lowering starch content becomes marked by the failure of low-nitrogen plants to continue production of starch. Thus the picture at the first sampling period, when no deficiencies but rather luxury levels prevailed, is often quite different from that at the last date, when deficiency limits for N and K had developed.
Discussion
The reduction in the rate of photosynthesis of the N1 plants coincided with the first visible evidence of nitrogen-deficiency symptoms in the leaves. Associated with this was a check in growth resulting in reduced dry weight by the September 11 harvest date ( fig. 1 ). Since the nitrogen content of the leaves at this time was 1.98, this value is probably very close to the "critical concentration" at which photosynthesis and growth are affected. It is of interest to note that the rate of photosynthesis of the N2 seedlings toward the end of the experiment was approximately the same as that of the N1 plants earlier in the experiment when the nitrogen content was also approximately the same. This is additional evidence that the percentage value of 1.98 and N3 plants.
The low level of potassium had a less profound influence on reducing the rate of photosynthesis from that of the high level than did the difference in levels of nitrogen. As might be expected, the effect on dry weight was generally of the same order of magnitude as the relative photosynthesis rates, until the last sampling date when the dry weights of the K1 and N1 plants were approximately the same.
It will be seen from figure 3 that the rate of CO2 assimilation of K1 plants was depressed more in the afternoons than in the mornings. One important factor which might account for this was the higher air temperatures which normally prevailed during the afternoon. If potassium deficiency causes an increase in the rate of respiration, as has been shown by GREGORY and RICHARDS (5) and by RICHARDS (9) , then the lower rate of apparent photosynthesis in the afternoon could be attributed to the higher temperature, since a rise in temperature accelerates the rate of respiration more than it does the rate of photosynthesis (5, 9) . Nitrogen deficiency, on the other hand, affected photosynthesis to about the same degree in the morning as in the afternoon, which indicates that it has no appreciable effect on the rate of respiration, although low N is presumed to be associated with low respiration.
It is clear from the data on carbohydrate composition that the percentage of reducing sugars was almost without exception lowest at the K3 level and highest at the K1 level at the three sampling dates and in the three portions of the planit. This effect was particularly marked in the roots.
The concentration of starch, one of the important carbohydrate reserves, followed a trend somewhat similar to that of reducing sugars, particularly in the stem, which contained the greater portion of the starch of the tung plant. The effect of K on the nonreducing sugars in the leaves was practically the reverse of its effect on the reducing sugars. On all sampling dates markedly greater amounts of nonreducing sugars were found at the K3 level than at K1 or K12.
The directly opposite effect of K levels on accumulation of the two sugar fractions must be correlated with the facts that rates of photosynthesis and of growth were highest at the high K levels. Assuming first that sucrose is the photosynthetic end product, second that reducing sugar is the prin-cipal metabolite utilized in growth and respiration, and third that the rate of inversion of sucrose is relatively slow, sucrose would accumulate at high K levels where the reducing sugar formed would be most rapidly depleted.
If, on the other hand, the hexoses are the first products of photosynthesis, the data would indicate that condensation to sucrose and starch occurs most rapidly at high K levels even though utilization tends to keep the hexoses at a low level. It should be noted that the trend in nonreducing sugars is the same in roots and leaves. Since hexoses are generally assumed to be the translocation form of sugar, the data from stems and roots tend to support the condensation hypothesis.
The effects of N on composition of stems and roots may be interpreted on the basis of relative growth. The top/root ratio is low at low N and high at high N. The products of photosynthesis tended to be utilized in regions of active growth, for example, in stems at high N; and to accumulate as reserves in regions of limited growth, for example, in roots at high N.
A highly significant N x K interaction on starch content of the leaves was noted. Starch accumulation at low K was greatest at high levels of N. Starch also tended to accumulate in the leaves at low N with high K. Apparently a low level of either element in the presence of a high level of the other causes growth to decline more rapidly than photosynthetic activity. This experiment can be compared with a field experiment involving bearing tung trees deficient in N and K (4). In that experiment the effects of nitrogen on carbohydrate accumulation were in general agreement with those of this experiment, especially with regard to the increased sucrose content of the leaves with increased N level.
In the field experiment and in an experiment with tomatoes reported by WALL (11) , the first stage of K deficiency was associated with high carbohydrate content. In subsequent growth stages the carbohydrate content of the deficient plants decreased to the levels of the K-treated plants. This may explain the failure to obtain any relatively high starch content in the low-K plants until the end of the experiment. Summary A study is reported in which three levels of nitrogen and of potassium in factorial combinations were obtained in leaves of tung seedlings growing in sand culture. The percentages of nitrogen desired in the leaves were 2.50, 1.75, and 1.25; those obtained at the last harvest date were 2.59, 1.95, and 1.38. The percentages of potassium desired in the leaves were 1.20, When the nitrogen content of the leaves of N1 plants fell to about 2.00%5, a change in color of the foliage was noted, and both rate of apparent photosynthesis and rate of growth declined. When, at a later date, the nitrogen content of the leaves of the N2 plants approached 2.00%, similar effects were observed. In plants, the leaves of which contained only about 1.60 to stopped, many leaves abscised and increase in dry weight was nearly at a standstill.
Decline of the potassium content of the leaves to about 0.55%, failed to produce symptoms in the leaves and reduced the rates of apparent photosynthesis and growth to a lesser extent than did the low levels of nitrogen reported above.
Nitrogen deficiency reduced the rate of apparent photosynthesis to about the same extent morning and afternoon, but potassium deficiency depressed photosynthesis to a greater extent in the afternoon. This may have been due to a tendency of the low level of potassium to increase the rate of respiration during the warmest part of the day.
Although a low level of potassium was associated with a decrease in rate of photosynthesis and of growth, there was a concomitant increase in reducing sugars and decrease in nonreducing sugars, particularly marked in the roots. This may indicate that potassium plays a role in condensing hexose to disaccharide sugars. On the other hand if sucrose is assumed to be the primary product of photosynthesis, it would indicate a decrease in rate of production of the sucrose with rapid inversion to reducing sugars, even though the latter were not rapidly consumed in growth.
A low level of nitrogen in the leaves tended to be associated with low levels of nonreducing sugars and high levels of reducing sugars in the leaves, but the effects on stems and roots were less consistent.
Starch in the leaves appeared to accumulate most rapidly at N1K3 and at N3K1. Apparently a low level of one of these elements in the presence of a high level of the other checked growth more than photosynthesis, with the result that starch tended to accumulate. 
